We investigate the dynamics of kinetically frozen block copolymer micelles of different softness across a wide range of particle concentrations, from the fluid to the onset of glassy behavior, through a combination of rheology, dynamic light scattering and pulsed field gradient NMR spectroscopy. We additionally perform Brownian dynamics simulations based on an ultrasoft coarse-grained potential, which are found to be in quantitative agreement with experiments, capturing even the very details of dynamic structure factors S(Q, t) on approaching the glass transition. We provide evidence that for these systems the Stokes-Einstein relation holds up to the glass transition; given that it is violated for dense suspensions of hard colloids, our findings suggest that its validity is an intriguing signature of ultrasoft interactions.
We investigate the dynamics of kinetically frozen block copolymer micelles of different softness across a wide range of particle concentrations, from the fluid to the onset of glassy behavior, through a combination of rheology, dynamic light scattering and pulsed field gradient NMR spectroscopy. We additionally perform Brownian dynamics simulations based on an ultrasoft coarse-grained potential, which are found to be in quantitative agreement with experiments, capturing even the very details of dynamic structure factors S(Q, t) on approaching the glass transition. We provide evidence that for these systems the Stokes-Einstein relation holds up to the glass transition; given that it is violated for dense suspensions of hard colloids, our findings suggest that its validity is an intriguing signature of ultrasoft interactions. The microscopic origin of vitrification as a system undergoes quenching either by a sudden decrease in temperature T , as in supercooled liquids [1] [2] [3] , or by a fast increase of the volume fraction φ, as in colloidal glasses [4] [5] [6] , is still a subject of intense discussion. Colloidal systems have been playing an important role in unveiling the microscopic aspects of the transition due to the capability of tuning specific interactions and in developing experimental and simulation techniques that permit investigations both at the single-particle and the collective levels. Accordingly, it is highly desirable to have at one's disposal a versatile and well-controlled experimental system, which allows for a systematic tuning of softness at the individual particle level. In addition to fundamental interest, tunable rheological behavior of soft colloids [7] is very important for tailoring material properties with relevance to technological applications in oil and medical industries [8] . Recently, kinetically-frozen block-copolymer micelles have emerged as easy-to-synthesize and precisely tunable model systems for soft-colloid suspensions [9] [10] [11] [12] [13] [14] . Since the softness and morphology of the micelles can be changed by several factors, which include the aggregation number, the solvent composition [9] , the solvophobic-tosolvophilic block ratio or the block length, these micelles allow to systematically bridge the physics of linear polymers to that of colloidal hard spheres.
One of the fingerprints of a (metastable) liquid approaching the glass transition is the breakdown of the Stokes-Einstein (SE) relation [15] : for glass-forming systems the product of the macroscopic (zero-shear) viscosity η and the mesoscopic (long-time) self-diffusion coefficient D s is not constant anymore as the system slows down. The origin of this behavior has been attributed to the emergence of dynamic heterogeneities, provided by the presence of distinguishable populations of fast and slow particles [16] [17] [18] [19] . The breakdown of the SE relation close to the glass transition is a generic feature shared by atomic [20] and molecular [21] [22] [23] [24] glass formers, polymers [25] and metallic glasses [26] . Interestingly, only a limited number of experimental studies on colloidal systems showing deviations from SE behavior is available, including hard spheres [27] and Laponite suspensions [28] . Much more abundant in the literature are numerical results, which have allowed to grasp microscopic insights on the nature of the SE breakdown and have shown that both the onset and the strength of the deviations depend on the specific interaction potential. Thus, while atomic and molecular glass-formers inevitably display large deviations upon lowering temperature, colloidal systems, being amenable of a systematic and controlled variation of effective interactions, offer the ideal playground for assessing whether a more extended range of validity of SE exists for specific systems.
In hard spheres suspensions, systematic SE violations were found both in experiments [27] and in simulations [29] ; moreover, for short-range attractive colloids an enhanced breakdown was observed, a fact that has been rationalized in terms of pronounced dynamical heterogeneities [29] [30] [31] . In contrast, for very soft potentials like the Gaussian core model, no significant violation of SE was observed [32, 33] , suggesting that such models are "mean-field", in the sense that they suppress dynamic heterogeneities due to the presence of long-range interactions. These observations are also very relevant to the recent discussion of whether there exists special limits, such as high dimensions, where a mean-field description of the glass transition may hold [32, [34] [35] [36] . Indeed numerical simulations of hard hyperspheres have also shown a sys- tematic reduction of SE violation with increasing dimensionality [37, 38] . The validity of SE relation up to the onset of glassy arrest may have important consequences also for the experimental community, as it would provide a test-case for the use of advanced microrheological techniques also close to arrest [39] . Thus, the identification of experimental systems which strictly satisfy SE even in the glassy regime have a broad interest in the scientific community.
In this Letter, we report a comprehensive study of frozen block copolymer micelles featuring tunable softness [9, 11, 12] . Experimental results from rheology measurements, dynamic light scattering (DLS), and pulsed field gradient NMR spectroscopy (PFG-NMR) are compared to those obtained from Brownian dynamics simulations (BD) based on a coarse-grained description of the system. We find excellent agreement between experiments and theoretical description for the dynamic structure factor S(Q, t) over a broad range of volume fractions approaching the glass transition value φ g , as well as for the density dependence of the transport coefficients, including the self-diffusion coefficient D s , the shear viscosity η and the collective relaxation time τ . Most strikingly, we find that the SE relation remains valid in the whole investigated range, up to the glass transition, for two different values of the softness parameter, suggesting that star-like micelles may be viewed as an experimental realization of mean-field glasses, where dynamic heterogeneities are strongly suppressed.
We investigate aqueous solutions of star-like micelles with two representative aggregation numbers covering the regime from typical ultra-soft (N agg = 120) to moderately soft (N agg = 500) colloidal particles. For the first system, the amphiphilic block copolymer poly(ethylene-alt-propylene)-poly(ethylene oxide), PEP-PEO, was employed, while the second was formed by poly(butyleneoxide)-poly(ethyleneoxide), PBO-PEO [11, 14] . We covered a broad range of polymer volume fraction (0.06% ≤ φ ≤ 4%) from very dilute suspensions to well above the glass transition for both systems. The samples' characteristics are summarized in Table I .
To describe the system theoretically, we employ a coarse-grained model, originally developed for regular star polymers in good solvent conditions [40, 41] , which was recently shown to be able to describe the structure and phase diagram of star-like micelles [11] . In this framework, micelles are coarse-grained as soft particles with an effective, repulsive potential V eff (r) acting between their centers. The latter features a logarithmic dependence at short distances (r < σ int ) and a Yukawa decay at large ones (r > σ int ). The so-called corona diameter σ int , roughly equal to the hydrodynamic radius, sets the interaction range while the aggregation number N agg , analogous to the star functionality f [40, 41] , tunes the softness of the repulsion. This model allows to describe the phase behavior of the micellar suspension on the space spanned by N agg and the micellar concentration φ TH = (π/6)ρ m σ 3 int , where ρ m = N m /V is the density of a system containing N m micelles in the volume V . While N agg is independently determined by SANS form factor analysis in dilute solution [9] , ρ m can be unambiguously determined in experiment in terms of weighted samples. The correspondence between ρ m and φ TH is established via the experimental hydrodynamic radius R h , which is used to determine σ int , as previously described in equilibrium studies of these systems [11] . To study the longtime dynamics of the model, we simulate N m = 2000 spherical particles of unit mass m, immersed in a cubic box of fixed volume V box , interacting through the coarsegrained potential V eff (r). To avoid crystallization at high densities, particle sizes are drawn from a Gaussian distribution of standard deviation 10% and average diameter σ int , which sets the unit of length. Simulations are performed at fixed temperature, setting k B T = 1 with k B the Boltzmann constant, for N agg = 120 and N agg = 500 at various volume fractions φ TH controlled by changing V box . To mimic the solvent effectively, we use Brownian dynamics (BD) simulations with the bare, short-time diffusion coefficient fixed to D 0 = 0.001 [42] . The integration time step is chosen as ∆t = 0.01, where time is measured in units of mσ 2 int /(k B T ).
FIG. 1:
Theoretical phase diagram [41, 43] and corresponding experimental path studied in this work. Open and closed symbols indicate investigated fluid and glassy samples, respectively. Triangles mark the glass transition obtained by extrapolating diffusivity data to zero through a MCT-powerlaw. The cartoons illustrate the different softness of the micelles at the two studied Nagg. Figure 1 displays the phase diagram of the system in the (φ TH , N agg )-plane [41] , comparing the experimental state points investigated in this work with theoretical results for the fluid-solid [41] and glass (MCT) [43] boundaries. The estimates of the polymer volume fractions at the glass transition, determined by rheology, are φ g = (3.476 ± 0.03)% and (2.635 ± 0.05)% for N agg = 120 and 500 respectively, corresponding to micellar packing fractions φ TH,g ≃ 0.236±0.006 and 0.230±0.010, in good agreement with MCT predictions [43] .
Let S(Q, t) = N −1 ij exp[−iQ · (r i (t) − r j (0))] be the dynamical structure factor of a system of N particles, r k (t) denoting the position of particle k at time t, and S(Q) the equal-times, static structure factor. A detailed comparison between the ratios S(Q, t)/S(Q) measured by DLS and those calculated from BD simulations is reported in Fig. 2 for different volume fractions at fixed wavevectors Qσ int ≃ 1.68 and 1.07 for N agg = 500 and 120, respectively. To superimpose simulation data onto the experimental timescale, the microscopic dynamics is adjusted through an arbitrary shift of the timeaxis, which depends on N agg but is the same for all volume fractions. As φ TH increases, the typical pattern of glass-forming systems emerges in S(Q, t): a two-step relaxation develops with a growing plateau at intermediate times followed by a long-time final relaxation, which grows on approaching the glass transition. The experimentally measured correlators are found to be somehow intermediate (e.g., in the value of the plateau) between Results for Qσint ≃ 1.68 and Nagg = 500. As a reference, also the corresponding collective correlator (dashed line) calculated from BD at the same Qσint is reported for the largest φTH. Bottom panel: Same as before for Qσint ≃ 1.07 and Nagg = 120. Simulation data were multiplied by a constant factor of 11 µs and 2 µs for Nagg = 500 and 120, respectively, to match the experimental microscopic relaxation. the self and collective numerical ones (see Supplementary Information [44] ). However, the long-time relaxation is well described by both the self and collective numerical data, capturing quantitavely the growth of the relaxation time with increasing φ TH and the shape (i.e., the stretching exponent) of the correlators. We stress that apart from the adjustment of the microscopic time, there is no fit parameter in the comparison, yielding an almost quantitative description within experimental error for both studied values of N agg .
Additional evidence for the accuracy of the coarsegrained interaction to describe the equilibrium dynamics is provided by the comparison of the S(Q, t)/S(Q) from experiments and simulations as a function of the scattering vector Q, which is shown in Fig. 3 at constant volume fraction. Clearly, the Q-dependence of the slowest relaxation process in terms of characteristic time and shape (stretching exponent), as well as the Q-dependence of the intermediate non-ergodicity plateau are well described by BD simulations for both values of N agg , covering a length scale variation between 0.5 Qσ int 2.2; as a reference, close to the glass transition the nearest-neighbor peak of S(Q) is found at Qσ int ≃ 5.
So far we have shown that the coarse-grained potential [40] can describe both the structure [11, 13] and the dynamics, in a semi-quantitative way, of frozen block copolymer micelles. Building on this, we now provide evidence of the validity of SE relation in these systems by combining direct experimental measurements and information that can be extracted from the theoretical description of the dynamical correlators. To this end, we have investigated the concentration dependence of the long-time, self-diffusion coefficient D s (φ) by means of both DLS and PFG-NMR, and also the zero-shear viscosity η(φ) through rheological measurements. In Fig. 4 * from simulations as function of the distance to the glass transition ǫ. Collective relaxation times τ * were calculated by fitting the correlators at the peak of S(Q) to stretched exponentials. Hard-sphere data for Dsη were obtained by MD simulations as explained in Ref. [29] .
represents the solvent viscosity, whereas D 0 is the diffusion coefficient of the micelles at infinite dilution. For comparison, in Fig. 4 we also report results for the longtime diffusion coefficient D s and the collective structural relaxation time τ extracted from BD simulations. Exploiting the fact that the viscosity is proportional to the relaxation time, we present data for the latter at fixed wavevector Qσ int = 5 and normalized by the corresponding time at infinite dilution, τ 0 . Excellent overlap (within experimental error) between measured data and results from BD simulation based on the coarse-grained model is found without the introduction of any adjustable parameter. Furthermore, we establish that up to the largest volume fractions in Fig. 4 , the self-diffusion coefficient, the viscosity and the relaxation time for each of the two studied systems follow each other very closely, approaching the glass transition in a similar way.
These findings suggest that SE holds for such soft block copolymer micelles with star-like interactions. To highlight this, in the inset of Fig. 4 we plot the SE products D s η and D s τ * , where τ * is the collective relaxation time calculated at the peak of S(Q), which is found to give the dominant contribution to viscosity [29] . Results are shown there from available experimental and numerical data points, as a function of the distance to the glass transition ǫ; the latter being defined as ǫ = 1 − φ/φ g for experiments and as 1 − φ TH /φ MCT TH,g for simulations.
Here, φ MCT TH,g = 0.235 ± 0.010 and 0.215 ± 0.010 are the extrapolated MCT glass transitions using a power-law fit for N agg = 120 and 500, respectively [52] . While data suffer from statistical noise, it is clear from both sets of data that no systematic deviations from SE up to the largest studied volume fractions are observed. These results cover a range which even exceeds the MCT transition (ǫ < 0) for the BD data, thus SE validity is preserved even at very large degree of supercooling where deviations should normally be large. It is interesting to note that this behavior is consistent with previous observations that star-polymer glasses, differently from other colloidal glasses, undergo a cessation of the aging process after a certain time (∼ 10 4 s) [53] and in fact achieve equilibrium, which could provide a physical explanation of the suppression of dynamic heterogeneities in these systems. Our findings for an ultrasoft coarse-grained model, which quantitatively reproduces the structural and dynamical behavior of frozen block copolymer micelles as a realization of star-like soft colloids, are in agreement with those of simulations of the Gaussian core model, another effective potential often used to describe the behavior of soft particles [32] , but are in stark contrast with both experimental and numerical results on hard-sphere colloids [27, 29] . Thus, it appears that softness is at least a necessary requirement in colloidal systems for the suppression of dynamical heterogeneities and the persistence of the validity of SE relation close to the glass transition.
To summarize, we have examined the dynamics of soft colloids in the vicinity of the glass transition by a combination of experimental techniques for different values of particle softness. Through BD simulations of a coarsegrained, ultrasoft model [40] , we have been able to accurately describe the measured dynamic structure factors S(Q, t), both as a function of the micellar volume fraction and as a function of the wavevector, for different values of micellar aggregation number. We also observed that the increase of the macroscopic viscosity and of the inverse mesoscopic, self-diffusion coefficient is quantitatively captured by the theoretical data. The coherent increase of both quantities indicates no violation of the SE relation up to the glass volume fraction. Our findings impressively confirm the microscopic origin of colloidal "softness" and its effects on the validity of the StokesEinstein relation for degrees of metastability for which it normally breaks down in the case of hard colloidal and molecular systems. In this way, they open up new realms for understanding and tailoring complex fluids not only with respect to structure and phase behavior [11] but also for colloidal dynamics [54] . 
